Sandy soils constitute a large part of the soils of northern part of Iran. The construction of structures on these soils will have some problems due to lack of proper strength properties. On the other hand, in recent years, bottles of Polyethylene terephthalate (PET) plastic such as water and soda bottles have resulted an environmental threat due to their prolonged durability in the environment. Utilization of these materials for soil improvement seems to be a sustainable approach. In this research, the effect of recycled PET on mechanical properties of Babolsar sandy soil is investigated through an extensive experimental analysis carried out using direct shear and consolidated drained (CD) triaxial compression tests. Various concentrations of PET were mixed to sand with 3%, 5% and 7% cement content. The curing time and relative density of samples was 7 days and 70%, respectively. The results showed that addition of this fiber improves strength parameters such as cohesion and internal friction angle. Furthermore, the effect of the fiber is less marked with an increase in cement content in samples. The samples with 3% cement were showed better results in both direct shear and tiaxial tests. By adding 0.5% and 1% PET fibers to the samples containing 3% cement at 100 kPa pressure, the ratio of strength in direct shear tests was increased 13% and 24%, respectively, and in the triaxial test was increased 50% and 93%, respectively.
Introduction
In recent years, various technical problems have been emerged due to non-principled construction of buildings without considering geotechnical concerns in most areas of the world.
One of these concerns is the construction of structures over problematic soils such as loose soil with a low strength [1] . On the other hand, development of the cities and increasing demand for various consuming products requires an increase in production of plastic containers [2] . In this regard, Polyethylene terephthalate (PET) is one of the most utilized plastic materials in disposable containers which has been attracted lots of attention because of its unique characteristics [3] . As a result of this, large amount PET is added to the urban garbage and they may remain there for a long time due to their longer life cycle [4] . However, one of the best solutions for this type of materials is to re-utilization of them in various applications.
Soil improvement has been proven to be one of the best solutions for enhancing the strength parameters of any problematic soil [5] . In fact, soil is a kind of material which can normally withstand over compressive and shear stresses. However, the problem begins when it is subjected to any tensile stress which causes a failure [6] . Consequently, the main objective of soil improvement is to improve shear parameters of the soil in order to increase tensile strength of the soil.
Various studies have proposed several stabilization techniques in order to improve engineering properties of the soil [7-8-9-10-11-12] . Traditionally, geosynthetics such as geogrid, geotextile etc. were utilized in various projects for different purposes [13] . Soil reinforcement through the inclusion of oriented or randomly distributed discrete elements such as fibers has recently attracted increasing attention in geotechnical engineering [14] . Recently, randomly distributed fibers have shown a great impact on increasing engineering properties of the soil [15-16-17-18-19-20] . Improvement in the engineering properties (strength, stiffness/modulus, permeability, etc.) of soil by inclusion of discrete flexible fibers within the soil mass depends on several factors relating soil characteristics; fiber characteristics; fiber content; distribution and orientation; type of admixtures, if any; mixing and compaction methods; and test/field conditions [21] .
Consoli and his coauthors in the year of 1998 carried out an extensive laboratory experiments on cemented soil and reinforced them with randomly distributed fibers. They conducted various tests such as triaxial compression tests on the mixture and found out that the brittle behavior of cemented samples is changed from brittle to ductile with an addition of fibers. Furthermore, their results revealed that an increase in the amount of fiber causes an increase in both peak and residual strength [22] . Additionally, Consoli in the year of 2003 reported that the failure mechanism of the soil samples is greatly altered by inclusion of fibers due to a tension cracks' inhibition made by fibers [23] . Consoli and his coauthors also investigated Fiber reinforcement effects on sand with considering a wide cementation range in the year of 2009. Test results indicated that the addition of cement to sand increases peak strength and brittleness. The fiber reinforcement increases peak strength just up to a certain cement content, increases ultimate strength and changes the cemented sand brittle behavior to a more ductile one [24] . Sayyed Mahdi Hejazi and his coauthors investigated soil reinforcement by using natural and synthetic fibers. According to this review, discrete and randomly distributed fiber inclusions significantly increase the peak shear strength, reduce the postpeak strength loss, increase the axial strain to failure, and, in some cases, change the stress-strain behavior from strain softening to strain hardening [25] . Sung-Sik Park evaluated Unconfined compressive strength and ductility of fiber-reinforced cemented sand. Based on test results, the inclusion of poly vinil alcohol fiber has a significant effect on both the unconfined compressive strength and the axial strain at peak strength [26] .
PET fibers are one of randomly distributed fibers that not only can fulfill the aim of soil improvement, but also it can eliminate a devastating problem regarding its disposal in urban.
Since it acquires a long time to decompose in the environment, it can be an ideal substitute in comparison to the conventional improvement methods. Generally, PET is a light transparent plastic with a density of 1.34 g/cm 3 . Its state is being shifted from a hard glassy one to a plastic in temperatures over 72 °C [27-28-29] . In order to prepare PET fibers, disposable containers such as water and soda bottles are gathered from the city and sorted out; then, they were recycled by shredding similarly used containers in recycling factory. Finally, the shredded parts are melted under a certain condition and turned into fibers [30] [31] .
Above literature shows that utilization of randomly distributed fiber can enormously improve soil strength parameters. Besides, utilization of PET fibers for soil improvement purposes can have some financial and environmental benefits which indicates its importance to investigate its effect on strength parameters. In this study, an intensive laboratory program was carried out in order to thoroughly investigate the effect of PET fibers addition on strength behavior of cemented Babolsar sand. Various amounts of PET fibers were mixed with different samples with various cement content. Then, direct shear and consolidated drained triaxial tests were performed on all samples. The results are also presented in the current research. Finally, a detailed discussion is provided and a conclusion is presented.
Experimental program

Materials
In this research, various materials were employed to reach pre-determined objectives. Babolsar sand with a specific gravity of 2.74 was utilized as a study soil. It was gathered from the shore lines of Caspian Sea. Figure 1 3 and it is being recycled from plastic bottles used for water or soda distribution. Figure 2 presents the picture of employed Polyethylene terephthalate which is 15mm long.
Methodology
In this research, mechanical behavior of the soil was investigated using direct shear and triaxial tests. Direct shear tests were performed under vertical pressures of 50, 100 and 200 kPa, using direct shear apparatus with a shear box dimension of 6x6 cm. They were conducted based on ASTM D3080 under consolidated drained (CD) condition. Triaxial tests were carried out using confining pressures of 50, 100 and 200 kPa over cylindrical specimens with a size of 38x76 mm (diameter: 38 mm and height: 76 mm). The triaxial test was initiated by applying the confining pressure to the specimens packed in a membrane; then, it followed by axially loading the specimen. Similar to the direct shear tests, the triaxial tests were also carried out under consolidated condition so that comparable results could be obtained.
The samples were prepared using following procedure: first, cement with weight ratios of 3, 5
and 7% was added to the soil and 8% water was mixed with it. Then, PET fibers with ratios of 0, 0.5 and 1% was combined and blended for 5 minutes using mixer in to form a homogenous mixture. Since all the tests were performed in a dry condition, the specimens were put into oven in a 55 °C before any testing. Figure 3 shows a picture of the mixture of soil and fiber and Figure   4 presents a picture of the specimen containing of soil and Polyethylene terephthalate prepared for direct shear test. Direct shear specimens were treated in one layer with relative density of 70% based on the standard method. Then the prepared specimens were kept for 7 days in thick plastic containers prior to testing. In order to prepare sandy soil specimens for triaxial tests, a new detachable mold ( Figure 5 ) with a diameter of 38 mm and height of 78 mm was created.
Triaxial specimens were treated in three layers with relative density of 70% based on the standard method. Every sample was put into double layered plastic containers to prevent any moisture loss during treatment. After 7 days of treatment, they were put into the oven for 24
hours in order to dry.
Results and discussion
Stress-strain curves
In this section, the behavior of fiber-reinforced cemented sand is evaluated by presenting stressstrain curves obtained from direct shear and consolidated drained triaxial tests. Furthermore, it can be deduced that the effect of PET fibers on an increase of the strength of cemented sand is less signified in higher cement contents. i.e. strength difference for a sample with 3% cement content is more than the corresponding value for a sample with 7% cement content. By increasing cement content, soil particles are adhered strongly to each other.
Consequently, strength of the samples significantly increases and the effect of PET fibers on a strength increment is diminished.
By comparing the results obtained from direct shear and consolidated drained triaxial tests, it can be understood that the effect of fiber addition is more presented in the results of triaxial tests in comparison to the results of direct shear test. For example, the strength for fiber-reinforced cemented sand sample with a fiber content of 0.5% at normal stress of 100 kPa is 13% more than the corresponding value of the cemented samples without PET fibers. Whereas, for the same sample, more than 50% strength increment is observed while it is being tested by triaxial apparatus. The reason for this trend could be attributed to the arrangement of the fibers and their corresponding angle toward principal tensile strain directions.
Diambra and his coauthors study's showed most of the conventional sample preparation methods such as wet and dry tamping results in the arrangement of fibers in a horizontal direction [32] .
Furthermore, recent studies have shown that stabilizer elements are mostly functional when it is being subjected toward tensile strain directions. Jewell showed that the principal tensile strain direction in direct shear test for dense sand is around 60 degrees above shear surface [33] . This is also in fair agreement with the findings of Gray and Ohashi's study, which was carried out using direct shear apparatus on natural and artificial fiber reinforced sand [34] . Thus, an approximate horizontal arrangement of fibers in direct shear test reduces the efficiency of strength increment due to fiber utilization and full potential of the fibers are not utilized. However, in compressive triaxial test, direction of the principal tensile strains is horizontal, which is align with the arrangement of majority of fibers in prepared reinforced soil samples using dry tamping method.
This yields to an increase in the efficiency of fibers on strength increment. Figure 12 and 13 plots deviator stress at failure versus normal pressure or confining pressure for PET fibers -reinforced cemented samples at 3 different cement contents tested with direct shear and triaxial apparatuses, respectively. As can be seen, the value of peak strength in the samples with 3% and 5% cement content, increases as fiber content increases, which indicates a positive influence of PET fibers addition on peak strength increment. However, it can be understood that the effect of 0.5% PET fibers addition in the samples with 7% cement content is more than 1% since figure line associated to 0.5% fiber content stands upper than associated line for 1%.
Peak strength
Besides, it can be observed that the figure lines are relatively close to each other in direct shear samples with 7% cement content which indicates that the effect of fiber addition is relatively negligible in these samples.
Unlike direct shear results that an increase in fiber content at 7% cement content yielded to a reduction of peak strength (according to figure 8 and 12 .c), an increase in peak strength is observed for all cement contents with an increase in fiber content in triaxial test results.
However, with an increase in cement content (especially in 7% cement content), the effect of fiber addition on peak strength is reduced. A few distance between the plot associated to 0.5% and 1% fiber in Figure 13 .c indicate that at samples containing 7% cement, no impressive increment as samples with 3% and 5% cement is observed.
As Consoli and his coauthors [24] mentioned in their study, the addition of cement to the sand, in contents up to 10% by weight of dry sand, significantly increased peak strength, the same result observed in this study.
Residual strength
The residual strength is a strength which a soil shows after failure and generally, the strength associated to 15% of strain is considered as residual strength. In this section, Brittleness index is defined as an indicator of soil flexibility. It is the ratio of difference of peak strength and residual strength over peak strength. Additionally, the same as other researchers resulted in their studies [24, 35] it can be understood that by increasing cement content, the samples become more brittle. However, addition of PET fibers shows a considerable effect by increasing residual strength which yields to a reduction in brittle index. For instance, brittleness index for samples containing 3, 5 and 7% cement tested with direct shear apparatus under 100 kPa normal stress is 0.53, 0.59 and 0.63, respectively.
While, these values for reinforced samples with 1% fiber content are 0.31, 0.43 and 0.52, respectively. These values indicate that unlike what was observed for peak strength, the effect of fiber addition on brittleness index does not significantly decrease as cement content increases.
For example, 1% increase in fiber content in sample containing 7% cement is unlikely to influence peak strength adversely and it shows a positive influence.
Failure strain
Failure strain is another parameter which is very important in cemented soils with a brittle behavior. Presence of randomly distributed fibers in cemented soil can yield to an increase in flexibility of the soil and the strain corresponding to the failure. Table 2 presents various values of failure strains for PET fibers-reinforced cemented samples corresponding to different normal pressures. In this table, sample names starting with "DS" corresponds to the samples tested with direct shear apparatus. However, "T" is related to the samples tested under drained consolidated triaxial condition. Additionally, the numbers are an indicative of cement content.
It can be observed that with an increase in PET fibers content and normal pressure or confining pressure, failure strain increases in both sample types. Besides, an increase in failure strain in triaxial samples is noticeably more than what is observed in direct shear samples. Stress-strain curves plotted for the reinforced samples tested by direct shear apparatus showed no significant difference on initial hardening behavior of samples. Consequently, an increase in failure strain can be attributed to an increase in peak strength.
A noticeable point is that by increasing cement content, hardening of the samples increases. This causes a reduction of failure strain on samples with 5% cement content in comparison to the samples with 3% cement content despite an increase in peak strength. For example, failure strain for direct shear samples without PET fibers and 3% cement content under 100 kPa normal pressure is 1.51%. However, for a sample containing 5% cement tested under the same condition, this value is 1.38%. Similarly, failure strain for reinforced samples with 5% cement content is less than corresponding value for reinforced sample with 3% cement content. The reason could be attributed to the discussed reduction of fiber addition efficiency on higher cement contents.
Although the effect of fiber content in sample with 7% cement also yielded to a reduction in failure strain in compare with samples contains of 3% and 5% cement. As an example, an increase in fiber content from 0% to 0.5% in samples tested with direct shear apparatus under 50 kPa normal stress shifts failure strain in samples with 3%, 5% and 7% cement content, from 0.83% to 1.41%, 0.74% to 1.27% and 0.65% to 1.08%, respectively.
Furthermore, it can be understood that the effect of PET fibers addition in failure strain in samples with higher cement content is less than other samples in triaxial tests. For instance, the value of failure strain under 100 kPa confined pressure for samples with 3%, 5% and 7% cement content is 1.8%, 1.48% and 1.04%, respectively. Reinforcement of these samples with 0.5% PET fibers alters the failure strain values to 4.45%, 3.10% and 1.91%, respectively. This shows that an increase in failure strain due to reinforcement is 2.65%, 1.62% and 0.87% for samples with 3%, 5% and 7% cement content, respectively, which indicates a reducing trend of failure strain increment by increasing cement content.
Strength parameters
In this section, strength parameters such as internal friction angle (φ) and cohesion (C) is investigated. Figure 16 and 17 indicate Failure envelopes of PET fibers-reinforced cemented sand in direct shear and consolidated drained triaxial tests, respectively. Table 3 and 4 presents internal friction angle and cohesion for PET fibers-reinforced cemented samples tested by direct shear and triaxial tests. Generally, an increase in PET fibers content yields to an increase in internal friction angle and cohesion. The only exception is the sample with 0.5% fiber content tested with direct shear apparatus (DS-7), which has a higher value in comparison to the sample with 1% fiber content. The reason for this trend can be attributed to the lower efficiency of PET fibers in samples with 7% cement content as discussed previously.
Furthermore, it can be observed that an increase in cement content reduces the amount of increment in internal friction angle. For example, in direct shear tests, addition of 0.5% PET fibers increases internal friction angle to 4, 3 and 1 degrees in samples with 3%, 5% and 7% cement content, respectively. This indicates a reducing trend by PET fibers addition in internal friction angle due to an increment in cement content, which roughly shows an adverse effect of cement addition on internal friction angle in higher cement contents. Additionally, it can be seen that the value of cohesion increases as PET fibers content increases. However, in samples with 7% cement content, the value of cohesion decreases by increasing fiber content from 0.5% to 1%
in all samples tested with direct shear and triaxial apparatuses.
Mechanism of failure
The cemented sand samples without PET fibers under shear loading was failed instantly, that was saw as a diagonal line in the specimens. By adding fibers, the behavior of specimens was changed from brittle to ductile, that buckling was appeared in the samples (It can be seen in figure 18 ). Increasing in the amount of cement, caused to increase the brittleness of the samples.
At the same time, the efficiency of the fibers in the samples with a higher percentage of cement (5% and 7%) became more less. Generally, with increasing the amount of fibers and cement, the specimens become more ductile and brittle, respectively.
Conclusion
Following conclusions are made based on obtained results.
-Reinforcing cemented sand with PET fibers improves mechanical properties of the sand by increasing maximum strength, residual strength and failure strain.
-Generally, the samples contain of 3% cement and 1% fibers showed better results in strength parameters compare with other samples. The samples with 3% cement were showed better results in both direct shear and tiaxial tests. By adding 0.5% and 1% PET fibers to the samples containing 3% cement at 100 kPa pressure, the ratio of strength in direct shear tests was increased 13% and 24%, respectively, and in the triaxial test was increased 50% and 93%, respectively.
-The effect of PET fibers is less marked with an increase in cement content in samples. By increasing cement content, soil particles are adhered strongly to each other. Consequently, strength of the samples significantly increases and the effect of PET fibers on a strength increment is diminished. i.e. strength difference for a sample with 3% cement content is more than the corresponding value for a sample with 7% cement content.
-The effect of PET fibers addition is more presented in the results of triaxial tests in comparison to the results of direct shear test. The reason for this trend could be attributed to the arrangement of the fibers and their corresponding angle toward principal tensile strain directions.
-Cemented samples are mostly inflexible (brittle) due to rapid loss of post-peak strength and by increasing cement content, the samples become more brittle; however, the addition of PET fibers considerably improves flexibility of these samples and shows a significant effect by increasing residual strength which yields to a reduction in brittle index.
-With an increase in PET fibers content and normal pressure or confining pressure, failure strain increases. Besides, an increase in failure strain in triaxial samples is noticeably more than what is observed in direct shear samples.
-An increase in PET fibers content yields to an increase in internal friction angle and cohesion. The only exception is the sample with 0.5% fiber content and 7% cement content tested with direct shear apparatus, which has a higher value in comparison to the sample with 1% fiber content. The reason for this trend can be attributed to the lower efficiency of PET fibers in samples with 7% cement content. and (c) 7% cement at direct shear test.
